Introduction
Protein misfolding and self-assembly into b-sheet-rich fibrillar structures "amyloid fibrils", is a pathological feature of several neurodegenerative diseases including Alzheimer's, Parkinson's, Huntington's, and prion diseases, [1] for which only symptomatic treatments are available today. The pathology of Alzheimer's disease (AD) is characterized by the presence of two different types of fibrillar protein aggregates: 1) extracellular amyloid plaques that are composed of fibrillar aggregates of amyloid b (Ab) peptides (Ab42 and Ab40)) and 2) intracellular neurofibrillary tangles that are composed of fibrillar aggregates of the microtubule-associated protein, tau. [2] Although the aggregation of Ab has been implicated as the primary trigger of neurodegeneration and cause of neurological deficits in memory impairment and cognitive function found in AD, [3] the mechanisms by which this process contributes to neurodegeneration and disease phenotype as well as the nature of the toxic species remain poorly understood. [4] Despite this gap in knowledge, increasing evidence from various disciplines indicates that interfering with protein misfolding and aggregation constitutes a viable therapeutic strategy to prevent and/or reverse the progression of these devastating diseases. Several therapeutic strategies aimed at reducing, inhibiting, and/or reversing amyloid formation have shown promising results in animal models of AD, and clinical trials are currently underway to evaluate their efficacy in humans. [4] Thus, screening for inhibitors and modifiers of Ab aggregation and fibrillogenesis continues to attract great attention from academic, biotech, and pharmaceutical companies.
Ab is a 39-42-amino-acid peptide that exhibits a high propensity for spontaneous aggregation, particularly the more amyloidogenic form Ab42. The strong dependence of Ab aggregation on solution conditions and handling of the peptide during its synthesis and purification has resulted in variable and conflicting data concerning the mechanism that underlies Ab aggregation and toxicity in vitro. In addition, the high cost Several amyloid-forming proteins are characterized by the presence of hydrophobic and highly amyloidogenic core sequences that play critical roles in the initiation and progression of amyloid fibril formation. Therefore targeting these sequences represents a viable strategy for identifying candidate molecules that could interfere with amyloid formation and toxicity of the parent proteins. However, the highly amyloidogenic and insoluble nature of these sequences has hampered efforts to develop highthroughput fibrillization assays. Here we describe the design and characterization of host-guest switch peptides that can be used for in vitro mechanistic and screening studies that are aimed at discovering aggregation inhibitors that target highly amyloidogenic sequences. These model systems are based on a host-guest system where the amyloidogenic sequence (guest peptide) is flanked by two b-sheet-promoting (Leu-Ser) n oligomers as host sequences. Two host-guest peptides were prepared by using the hydrophobic core of Ab comprising residues 14-24 (HQKLVFF-A C H T U N G T R E N N U N G AEDV) as the guest peptide with switch elements inserted within (peptide 1) or at the N and C termini of the guest peptide (peptide 2). Both model peptides can be triggered to undergo rapid self-assembly and amyloid formation in a highly controllable manner and their fibrillization kinetics is tuneable by manipulating solution conditions (for example, peptide concentration and pH). The fibrillization of both peptides reproduces many features of the full-length Ab peptides and can be inhibited by known A C H T U N G T R E N N U N G inhibitors of Ab fibril formation. Our results suggest that this A C H T U N G T R E N N U N G approach can be extended to other amyloid proteins and should A C H T U N G T R E N N U N G facilitate the discovery of small-molecule aggregation inhibitors and the development of more efficacious anti-amyloid agents to treat and/or reverse the pathogenesis of neurodegenerative and systemic amyloid diseases.
of the full-length synthetic Ab peptides combined with the absence of efficient recombinant expression systems for producing these peptides have limited the range of biophysical studies and high-throughput screening (HTS) efforts to identify inhibitors of Ab aggregation and toxicity. Previously, we [5] [6] [7] [8] and others [9] [10] [11] [12] have shown that various steps along the amyloid formation pathway, including peptide/ protein misfolding, self-assembly, and amyloid formation and disassembly, can be triggered in a highly controllable manner through the incorporation of molecular switches into the amyloid-forming polypeptides, based on in situ intramolecular O! N acyl migration. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, because of the special synthetic and purification skills required to prepare the full-length Ab switch-peptides, such peptides are not suitable for use in highthroughput screening assays. Therefore, the development of reliable model systems that are readily accessible and adaptable to automated HTS is of particular interest to understanding the mechanism of amyloid formation and facilitating the discovery of aggregation inhibitors of Ab and other amyloid-forming proteins.
Herein, we describe the preparation and characterization of affordable and synthetically accessible switch-peptides [5] [6] [7] [8] as model systems for understanding the molecular and structural basis of amyloid formation and to identify small-molecule inhibitors of Ab aggregation and toxicity. These model systems are based on a host-guest system where the hydrophobic core of Ab, which comprises residues 14-24 (HQKLVFFAEDV), is flanked by two b-sheet-promoting (Leu-Ser) n [18] oligomers as host sequences. The host sequences serve the primary purpose of accelerating the fibrillization of the guest peptide.
To maintain the peptides in a monomeric random coil (r.c.) conformation, switch elements were strategically placed into the host-guest peptide to interfere with b-sheet formation and self-assembly until acyl migration is initiated with the appropriate triggers. To design a model peptide system that best reproduces the aggregation of the full-length Ab peptides with t 1/2 values for acyl migration and aggregation kinetics that are suitable for HTS, the number, position, and type of switch elements were varied. Two host-guest peptide systems were designed: one containing a single switch element at position 21 by replacing alanine21 with serine (peptide 1) and a second peptide containing two switch elements at the N and C termini of the guest sequence AbA C H T U N G T R E N N U N G (14-24) (peptide 2; Figure 1 ). Peptide 2 represents a more general system that can be used when the guest sequence of interest lacks serine residues or when the insertion of a serine residue in the guest sequence is not desired. Furthermore, placing the switch elements outside the target sequence (AbA C H T U N G T R E N N U N G (14-24) in peptide 2) serves two purposes; 1) it maintains the original sequence of the guest peptide; and 2) it provides sufficient time for the interaction between the small molecules and the guest sequence before fibrillization through activation of the host sequence. In the case of peptide 2, this strategy also allows the effect of introducing the switch element within AbA C H T U N G T R E N N U N G (14-24) on the aggregation and binding properties of this region to be determined.
The acyl migration, that is, restoring the regular backbone of the host-guest peptide, can be triggered enzymatically by A C H T U N G T R E N N U N G addition of the enzyme dipeptidyl peptidase IV (DPPIV) in the case of peptide 1, or by adjusting the pH to 7.0 for peptide 2. Therefore, aggregation can be triggered by restoring the normal amide backbone of Ab(14-24; peptide 1) or b-sheetpromoting (Leu-Ser) n oligomers (peptide 2). Upon acyl migration (S off !S on ), the in statu nascendi (ISN) induction of conformational transitions from random-coil to b-sheet occurs very rapidly, and amyloid formation is completed within 30 min to 5 h depending on the concentration of the peptide and the triggering procedure. Such model host-guest switch peptides provide useful tools to characterize early folding and aggregation events during the fibrillization of Ab-derived peptides and for HTS screening of Ab inhibitors and b-breakers; this bypasses the difficulties that are associated with the use of the native full-length peptides Ab42 and Ab40.
Results
Peptides 1 and 2 are disordered, but undergo rapid self-assembly and amyloid formation upon induction of O!N acyl migration. In the S off state, both peptides 1 and 2 remain monomeric and show CD spectra that are consistent with random coil conformations (Figure 2 A) . The peptide's ability to undergo ISN conformational transitions from random-coil to b-sheet structures upon triggering of the switch elements was analyzed by using HPLC, circular dichroism (CD) spectroscopy, and transmission electron microscopy. Enzymatic triggering of peptide 1 (50 mm) results in striking changes in the peptide's secondary structure, which shows a rapid conformational transition from random coil in the S off state, to a predominantly b-sheet structure in the S on state within 30 min (Figure 2 B ). In the absence of the trigger, formation of amyloid fibrils (Figure 2 C) was observed only at higher peptide concentrations (> 200 mm), and after several days of incubation at 37 8C due to slow temperature-induced ester hydrolysis. These results demonstrate the ability of these peptide systems to form amyloid fibrils that A C H T U N G T R E N N U N G resemble those that are formed by the full-length Ab1-40 and 1-42 peptides.
The O!N acyl migration in peptide 1 is triggered by adding the enzyme DPPIV (0.02 unit), whereas for peptide 2 the conversion from the S off to S on state is triggered by adjusting the pH to 7.4 by adding 10 % PBS (30 mm, 150 mm NaCl, pH 7.4). Conversion from the S off to S on state in peptide 1 and peptide 2 is monitored by analytical RP-HPLC. In the case of peptide 1 (400 mm), addition of DPPIV results in the appearance of two additional peaks with retention times of 15.7 min and 7.2 min (Figure 3 A) . The gradual decrease of the S off peak (t R = 15.2 min) and the appearance of a new peak with increased hydrophobicity at t R = 15.7 min corresponds to the conversion to the S on state of the peptide. The peak with t R = 7.2 min corresponds to the Arg-Pro dipeptide cleavage product (Figure 3 A) , as discerned by mass spectrometry (data not shown). In the case of peptide 2 (Figure 3 B) , upon pH triggering, we observed a relatively fast conversion from the S off (t R = 19.6 min) to S on (t R = 20.3 min) state with a half life for migration of approximately t 1/2~2 5 min, which is similar to peptide 1. The appearance and subsequent decrease of the S on peak Figure 2 . A) CD spectra of peptide 1 (200 mm) in the S off state in Tris buffer (500 mm and 2.5 mm NaCl, pH 8) plus 10 % MeOH at 37 8C. In the S off state, peptide 1 remains in a random coil conformation (blue) and no transition to a b-sheet is observed even after incubation for three days (red). B) Peptide 1 undergoes rapid transition from a random coil (t = 0, green) to a b-sheet conformation (t = 30 min, pink) upon triggering acyl migration at 37 8C in Tris buffer, pH 8, plus 10 % MeOH and 2.5 nm NaCl ([peptide] = 50 mm). Inset: Increase in b-sheet formation over time as monitored by an increasing b-sheet signal at 218 nm (*), and a decrease in the random coil signal at 195 nm ( blue dots). C) Amyloid fibril formation of peptide 1 (S off state) at a concentration of 200 mm after seven days of incubation at 37 8C. , with a single switch at position 21 (left) and peptide 2, which contains two switch elements at the N and C termini of the guest peptide AbA C H T U N G T R E N N U N G (14-24). In the S off state, peptides 1 and 2 are designed to adopt a random coil conformation. After addition of the enzyme DPPIV (peptide 1) or adjusting the pH to physiological conditions (pH 7.0, peptide 2), spontaneous acyl migration occurs, which results in peptide folding and initiation of amyloid formation. 2106 www.chembiochem.org points to fast aggregation; this originates from the random coil to b-sheet transition and amyloid formation at the concentrations used for the HPLC studies (400 mm). In an attempt to unlink the two processes of acyl migration and fibrillization and facilitate the characterization of amyloid formation by peptides 1 and 2, we monitored the extent of acyl migration and initiation of b-sheet formation by CD spectroscopy as a function of time at lower peptide concentrations, that is, 20 and 40 mm for peptides 1 and 2, respectively.
Enzymatic triggering of peptide 1 (20 mm) results in a gradual transition from random coil in the S off state, to a predominantly b-sheet structure in the S on state as demonstrated by circular dichroism spectroscopy (Figure 4 A). This transition A C H T U N G T R E N N U N G appears to go through intermediates that comprise a-helical structures, similar to what has been reported for the fulllength Ab peptides. At 20 mm the transition to b-sheet is complete within 2.5-3.5 h (Figure 4 A) , as compared to 30-50 min at 50 mm (Figure 2 B) . The extent of amyloid formation in the same samples was monitored by using the Thioflavin T (ThT) fluorescence assay. Figure 4 B shows a rapid and significant increase in ThT fluorescence within 2.5 h of enzymatic triggering and incubation at 37 8C. Only a slight increase in ThT was observed within the next 3 h, and no further change in ThT fluo- rescence occurred after prolonged incubation of up to 42 h; this suggests that amyloid formation of peptide 1 is complete or reaches the maximum within the first 3-6 h. In the absence of DPPIV, electron microscopy studies (Figure 4 C) revealed that peptide 1 does not undergo aggregation, which is consistent with the CD data (Figure 4 A) . This is expected, given the location of the switch in the middle of the Ab-derived hydrophobic peptide AbA C H T U N G T R E N N U N G (14-24) (Figure 4 ). Upon addition of the enzyme, we observe a rapid conversion to predominantly fibrillar structures within the first 2.5 h of incubation at 37 8C (Figure 4 C) . Interestingly, TEM images of samples that were taken within the first 5-30 min of incubation demonstrate that amyloid formation by peptide 1 proceeds through aggregation interme-A C H T U N G T R E N N U N G diates that bear a striking resemblance to those that were observed during the fibrillogenesis of the full-length Ab peptides. [19] In the case of peptide 2 (40 mm), the transition from r.c.!bsheet was complete within the first 4 h after inducing the acyl migration by adjusting the pH of the buffer solution to 7.4 ( Figure 5 A) . Although the kinetics of r.c.!b-sheet transition was similar to that observed for peptide 1, formation of amyloid fibrils as determined by ThT binding was significantly slower and reached a maximum value only after 24 h of incubation at 37 8C (Figure 5 B) . Interestingly, peptide 2 seems to form significantly more nonfibrillar aggregates even at a lower concentration than peptide 1. This observation could be explained by the absence of disrupting elements (switches) within the Ab sequence to interfere with its self-assembly, and is consistent with the expected role of the flanking host sequences ((Leu-Ser) n oligomers) in promoting b-sheet formation and fibrillogenesis by AbA C H T U N G T R E N N U N G (14-24) . [18] The high propensity of peptide 2 to form nonfibrillar aggregates could also explain its slow fibrillization kinetics. Early association, which is driven by AbA C H T U N G T R E N N U N G (14-24) might direct the aggregation of peptide 2 into nonfibrillar off-pathway aggregates that are then trapped and slowly converted to the normal pathway after induction of acyl migration.
Screening for modulators of fibrillization by using peptides 1 and 2
To evaluate the potential of host-guest switch-peptides as tools to identify modulators of Ab aggregation and toxicity, we tested several small molecules that were previously reported to inhibit the fibrillization of the full-length Ab peptides for their ability to modulate the aggregation of peptides 1 and 2 in vitro. Polyphenols such as tannic acid (TA) and myricetin (Myr), [20] as well as the neurotransmitter dopamine (DA), [21] have recently been demonstrated to inhibit Ab aggregation and/or disrupt preformed Ab fibrils. [21, 22] For this purpose, peptide 1 was dissolved to a final peptide concentration of 20 mm in buffer (500 mm Tris/2.5 mm NaCl, pH 8.0) and two to four equivalents of TA, Myr or DA were added to the peptide (in the S off state) solution. Following the addition of DPPIV, samples were incubated at 37 8C for 48 h and amyloid fibril formation was monitored at different time points of incubation by using ThT fluorescence spectroscopy and TEM.
In the absence of the compounds, peptides 1 and 2 (20-40 mm) form amyloid fibrils within the first 5 h of triggering acyl migration. In the case of peptide 1, maximum ThT fluorescence was reached after~6 h of incubation, whereas the ThT fluorescence of peptide 2 continued to increase after 6 h, which is consistent with the data that is shown above (Figures  4 B and 5 B) . Amyloid formation by peptide 1 was significantly reduced in the presence of TA (40 mm) and Myr (40 mm). TEM revealed strong inhibition of fibrillogenesis in samples that were coincubated with the polyphenols tannic acid (Figure 6 D) or myricetin ( Figure 6 E), as evident by the presence of predominantly protofibrillar species. Previous studies have shown that autooxidation of dopamine is essential for its inhibition of Ab40 and Ab42 fibrillization. [21] [22] [23] [24] Figure 6 demonstrates that only oxidized dopamine showed strong inhibition of amyloid formation by peptides 1 and 2; this suggests that dopaminerelated inhibition of Ab fibrillization might be mediated by interactions between its oxidation products and the region that comprises residues 14-24. By using RP-HPLC and mass spectrometry we were able to exclude the possibility that the inhibitory effect of the compounds is due to their interference with acyl migration (data not shown).
Discussion and Conclusions
In this work we describe a novel approach of host-guest switch-peptides that are model systems for amyloid formation; this allows for the study of fibrillogenesis and most importantly, for rapid screening of inhibitors of amyloid formation in vitro. By applying the host-guest concept, combined with the introduction of molecular switches into a fibril-forming sequence that is derived from Ab (Ab 14-24), we were able to design model peptide systems (peptides 1 and 2) that can be triggered to undergo conformational transitions (from random coil to b-sheet structures) and form amyloid fibrils within a time scale of minutes to hours in a highly controllable and reproducible manner. For example, amyloid formation by peptide 1 is complete within 30 min to 6 h, depending on the peptide concentration, as opposed to 24 or 48 h for Ab42, and Ab40 respectively. At lower concentrations (20 mm, peptide 1 and 40 mm peptide 2), random coil to b-sheet transitions occur only after the conversion from the S off to the S on state is completed. To our knowledge, these peptides are the first exam- Figure 6 . Known inhibitors of full-length Ab peptides also inhibit the fibrillization of peptides 1 and 2. ThT fluorescence depicting the extent of amyloid formation of A) peptide 1 and B) peptide 2 in the absence and presence of known inhibitors of full-length Ab as a function of time. Peptides 1 and 2 were dissolved to a final peptide concentration of 20 and 40 mm respectively in the presence of two or four equivalents of a potential fibril-destabilizing molecule. Triggering of the switches and hence aggregation of peptides 1 and 2 was achieved by adding the enzyme DPPIV (peptide 1) or 10 % of PBS buffer pH 7.4 (300 mm + 150 mm NaCl; peptide 2), followed by an incubation at 37 8C for 48 h. Negatively stained EM images of peptide 2 at pH 7.4 after 48 h at 37 8C: C) S on state, control; in the presence of 2 equiv of D) tannic acid, E) myricetin, F) oxidized dopamine, G) peptide 2 in the S off state, control. ples of super-amyloid-forming peptides in which fibrillization can be triggered in a highly controllable manner and is complete within 2-5 h without the use of any chemical additives or mechanical manipulations to accelerate amyloid formation. Both peptides 1 and 2 are easy to synthesize and form aggregation intermediates and amyloid-like fibrillar structures that are similar to those that are formed by the full-length Ab peptides (Figures 4 and 5) . These properties, combined with the fact that the fibrillization kinetics of both peptides is tuneable by manipulating solution conditions (for example, peptide concentration and pH) make these host-guest switch-peptides ideal model systems for investigating the structural and molecular mechanisms that underlie amyloid formation in vitro. Amyloid-forming proteins, including Ab, a-synuclein (asyn), [25] which is associated with Parkinson's disease, islet amyloid polypeptide peptide (IAPP), which forms pancreatic amyloid deposits in type II diabetes, and the prion protein (PrP), [26] which is linked to prion diseases possess hydrophobic and highly amyloidogenic sequences in their core structure. These amyloidogenic sequences (for example, NAC region in a-syn, SNNFGAILSS in IAPP, FNNGNCFIL in gelsolin, [27] the AGAAAAGA repeat in the prion protein (PrP) [28] ) which have been shown to be crucial in initiating and/or driving the fibrillization of these proteins. Although several studies have reported small peptide-based inhibitors that are designed to target these regions within full-length Ab, [29, 30, 31] IAPP [32, 33] and a-syn, [34] the hydrophobicity and reduced solubility of these sequences have precluded efforts to use them in high-throughput screening aggregation assays.
To evaluate the potential of applying the host-guest switchpeptide approach to screen for modulators of Ab aggregation, we tested several small molecules that have been reported to inhibit the fibrillization of Ab against peptides 1 and 2. Figure 6 demonstrates that inhibitors of Ab40 and Ab42 fibrillization also inhibit the aggregation of both peptides 1 and 2; this suggests that these molecules might exert their inhibitory effects through interactions with amino acid residues of the core region AbA C H T U N G T R E N N U N G (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Our studies support the notion that identifying small molecules that target this region represent a viable strategy for identifying aggregation inhibitors of the full-length proteins. In cases where the conformation of these amyloidogenic regions is dependent on the flanking sequences, it is possible that effective fibrillization inhibitors of the fragment peptides might not be effective against the fulllength proteins. Extending the approach that is described here to other amyloid proteins such as a-syn, PrP, and IAPP should facilitate the discovery of small-molecule aggregation inhibitors of these proteins, and might contribute to the development of more efficacious anti-amyloid agents to treat and/or reverse the pathogenesis of neurodegenerative and systemic amyloid diseases.
Experimental Section
Solid-phase peptide synthesis: The amyloid-derived hostguest switch peptides 1 and 2 were prepared by stepwise solid-phase synthesis (SPPS) by using 9-fluorenylmethoxycarbonyl (Fmoc)/tBu protection and Rink amide resin [35] (Figure S1 in the Supporting Information) that was preswollen with CH 2 Cl 2 for 30 min. Standard amide couplings were performed by dissolving the Fmoc-protected amino acid (2.5 equiv) with equimolar amounts of benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) in DMF and stirring for 5 min. The preactivated mixture was added to the resin that was swollen in CH 2 Cl 2 , together with an equimolar amount of iPr 2 EtN. Coupling times were in the range of 30-90 min and the completeness of coupling was verified by the Kaiser test and repeated if necessary. For Fmoc cleavage, the peptide-coupled resin was treated with a 20 % solution of piperidine in DMF (2 10 min) and then washed with DMF (3 ) and CH 2 Cl 2 (3 ).
In both peptides the switch elements were constructed by first coupling Fmoc-Ser-OH without side-chain protection, and then coupling the next amino acid via an ester bond to the free A C H T U N G T R E N N U N G hydroxyl group of Ser with diisopropylcarbodiimide (DIC) (3 equiv) and 4-N,N-dimethylaminopyridine (0.5 equiv). Figure S2 ).
Fibrillization assays: Peptide 1 was dissolved in MeOH/H 2 O (1:1) to a final concentration of 400 mm (stock solution). The solution was vortexed for 30 s and filtered through a 0.2 mm filter by centrifugation for 5 min at 10 000 rpm. Aliquots (50 mL) of the filtrate were transferred into autoclaved Eppendorf tubes. Tris buffer (850 mL) pH 8 (500 mm + 2.5 mm NaCl) and MeOH (100 mL) were added to each tube. The inhibitors were dissolved in MeOH at concentrations of 400 to 800 mm and 100 mL of these stock solutions were added to the mixture to give the correct final concentration of inhibitor in the reaction mixture. Subsequently, DPPIV enzyme (1.5 mL, 0.002 unit) was added to each sample, and the vials were placed in a water bath at 37 8C for 48 h. Aliquots (160 mL) were removed from the incubated samples at different time points and stored at À18 8C until further analysis. Peptide 2 was dissolved in H 2 O to a final concentration of 800 mm (stock solution). The solution was vortexed for 30 s and filtered through a 0.2 mm filter by centrifugation (5 min at 10 000 rpm). Aliquots (50 mL) of the filtrate were filled in autoclaved Eppendorf tubes. Acetate buffer (750 mL, 100 mm, pH 4.6) was added to each tube. The inhibitors were dissolved in MeOH at concentrations of 400-800 mm and 100 mL of these stock solutions were added to the mixture to give the correct final concentration of inhibitor in the reaction mixture. Tris buffer (100 mL) pH 7.4 (0.3 m + 150 mm NaCl) was added to each sample to trigger the acyl migration, and the vials were placed at 37 8C for 48 h. Aliquots (90 mL) were removed from the incubated samples at different time points and stored at À18 8C until further analysis.
Analytical RP-HPLC: HPLC spectra were recorded on a Waters apparatus that consisted of two Waters 600 pumps, a Waters 600 system controller and a Waters 486 tunable absorbance detector. Vydac Nucleosil C 18 218TP54 columns (250 4.6 mm) and Vydac Nucleosil C 8 208TP54 columns (250 4.6 mm) were used with a flow rate of 1 mL min À1 and Waters Atlantis dC18 columns (20 4.6 mm) with a flow rate of 1.5 mL min À1 . All gradients were linear in eluent A (0.09 % TFA in 90 % aq acetonitrile) and eluent B (0.09 % TFA in water).
Semipreparative HPLC: Semipreparative purifications were performed on a Waters Delta Prep 3000 system, with a Waters 600E system controller and a Waters 484 absorbance detector on a Vydac C 18 218TP1 column (250 21 mm) with a flow rate of 18 mL min À1 and UV detection at 214 nm (eluents and gradients as used for analytical HPLC).
Circular dichroism (CD): CD spectra were recorded on a Jasco J-810 spectropolarimeter that was calibrated with d-(+)-10-camphorsulfonic acid. All measurements (in triplicates) were scanned between 190 and 250 nm with an integration time of 2 s for 0.2 nm steps by using quartz cells of 1 mm path length. Solvent spectra were recorded under the same conditions and were baseline subtracted. Ellipticities were depicted as mean residue ellipticities (V) in deg cm 2 mol
À1
.
Electron microscopy (EM): For EM studies the peptide solutions were deposited on to glow-discharged, carbon-coated copper grids. Grids were washed with two drops of H 2 O and stained with two drops of freshly prepared 0.75 % (w/v) uranyl acetate (Electron Microscopy Sciences, Hatfield, PA, USA). Specimens were inspected under a Philips CIME 12 electron microscope, that was operated at 80 kV. Digitized photographs were recorded with a slow scan CCD camera (Model 679, Gatan, CA, USA).
Thioflavin T fluorescence assay (ThT): Fibril formation was monitored by the thioflavin T (ThT) (Sigma) fluorescence assay. Readings were carried out at a final protein and ThT concentration of 10 mm in a final volume of 100 mL of 50 mm glycineNaOH buffer (pH 8.5). ThT fluorescence measurements were recorded on an analyst fluorescence instrument (LJL Biosystems, Sunnyvale CA, USA) at an excitation and emission wavelength of 450 nm and 485 nm, respectively. The relative fluorescence at 485 nm was used as a measure of the amount of fibrillar aggregates that were formed in solution, and was corrected by the fluorescence level of the peptide at time 0. All samples were analysed in triplicates and the data were plotted by using Microcal Origin.
